Abstract-A characterization study was carried out to determine if a novel, millimeter sized Terbium-activated Gadolinium Oxysulfide optical fibre detector has potential for future use in proton dosimetry. Preliminary studies employed a Theratronics Theratron 780C Cobalt-60 unit and were used to determine nominal dose response, field size response andČerenkov contributions in 1.25-MeV gamma radiation. More extensive testing was done using 74 MeV-protons produced in the TRIUMF 500-MeV cyclotron facility examining raw Bragg peak, spread out Bragg peak, dose response, andČerenkov signal. The detector was low-cost and easily assembled; it showed excellent sensitivity, signal to noise ratio, and reproducibility. Quenching at high linear energy transfer was severe. Additional investigations are needed to further exploreČerenkov-only depth-dose curves, signal detection at the extreme distal end of the Bragg peak, and possible sensitivity to neutrons.
I. INTRODUCTION

F
OR over 60 years, proton beams have been used to treat various types of cancers, primarily of the head and neck, the first treatment being at Berkeley in the 1950s [1] . Protons are well-suited to these tasks due to their dose deposition characteristics: energy deposited by a proton primarily occurs at a narrow depth called the Bragg peak. This means that a proton beam used to irradiate a tumor can be engineered to deposit nearly all its energy only in the specified treatment volume while sparing sensitive surrounding tissues. As a powerful and valuable treatment tool, it is critical that a proton beam be calibrated to a high degree of accuracy. All radiotherapy depends on accurate modelling of the patient and expected dose administration [2] .
Proton therapy dosimetry is a current area of particular interest due to the increase in use of proton therapy in recent years [3] , and to the fact that photon and electron dosimetry procedures cannot simply be extended to proton beams with the same level of accuracy [4] . At radiotherapeutic energies, proton beams undergo nuclear interactions that photon and electron beams do not [5] . Although proton beams require a slightly different energy (from electrons) to produce ion pairs, proton beam calibrations at a reference point using ion chamber methods are relatively reliable [6] . However, due to the changing LET distribution as a function of depth in a proton beam, many dosimeters have difficulty faithfully reproducing relative dose throughout the volume of interest. In addition, the spatial resolution requirements associated with high dose gradients in proton beams exceed the specifications of many dosimeters. As such, there is a worldwide interest in finding efficient, reliable and accurate methods for proton dosimetry.
II. PREVIOUS RESEARCH
Scintillator detectors, both organic and inorganic, work by the process of electrons in a scintillating material such as Terbium-doped Gadolinium Oxysulfide (Gd 2 O 2 S:Tb) absorbing energy from incident radiation and jumping to higher energy levels. The excited electrons jump from the valence band to the conduction band leaving a positive "hole" behind. When the electron falls back to a lower energy level, a photon is released (scintillation) [7] and picked up as a signal by, for example, a multi-pixel photon counter (MPPC) or photomultiplier tube (PMT). In an optical fibre detector, the photon is guided the length of the optical fibre by internal reflection until it reaches the photon counter. There, the signal will be registered and conveyed either digitally to a computer or as analogue information to a digital acquisition device or oscilloscope, to be displayed and/or recorded.
In 2013, O'Keeffe et al. developed a millimetre-sized Polymethyl Methacrylate or PMMA (chemical composition C 5 H 8 O 3 ) optical fibre-based scintillator sensor with the aim of performing in-vivo dosimetry both inside and outside critical areas of a radiotherapy patient, the scintillating material being Terbium-activated Gadolinium Oxysulfide (Gadox). They determined this detector to have demonstrated suitability for in-vivo dosimetry in radiotherapy treatments (6 MV photons) [8] . In 2015, Woulfe et al. found the same detectors to show promise as in-vivo dosimeters for brachytherapy treatments, where the radiation source was gamma and x-rays [9] . It is possible these same detectors could be employed as detectors in relative proton beam dosimetry. Millimetre-diameter optical fibre scintillation detectors have many qualities that lend themselves to the dosimetry of proton beams. Waterproof construction provides submersion capability which is an advantage since the reference dosimetric medium is water [6] . Also, the detectors are of small size and dose gradients in proton therapy require sub-millimeter detector volumes, [10] .Čerenkov emissions which create a background signal in the optical cables in photon and electron beams are expected to be minimal in proton beams due to the energy threshold required for protons to produceČerenkov in plastic materials [10] - [12] . Optical fibre detectors are also flexible, and are relatively simple to construct. A convenient feature of the technology is instantaneous readout. They also have drawbacks: quenching, the under-response of the detector at high linear energy transfer (LET), and possible radiation damage disrupting signal acquisition require investigation. Finally, since silicon diodes and diamond detectors offer instantaneous readout, small size, and demonstrate less LET dependence than most scintillation detectors [13] , the Gadox dosimeter will need to meet or exceed the performance of these devices in order to find a useful place in proton dosimetry applications.
III. MATERIALS
The detector was constructed from a 1.9 m long TCU-1000(L) plastic optical fiber (POF) made by Asahi Kesei. The fibre is 1 mm in diameter and comprised of a polymethyl methacrylate (PMMA) core with a fluorinated polymer cladding. The cable is encased in a thin plastic (LSZH PE) jacket and totals 2.2 mm in diameter. A cylinder of 1 mm in length and 0.5 mm in diameter was drilled in the end of the POF, and the cavity filled with Terbium-activated Gadolinium Oxysulfide powder (obtained from Phosphor Technologies (UKL65FR1)) to a calculated volume of 0.196 mm 3 ; the end was then sealed with silicone ( Figure 1) . The exact volume, though calculated based on the drilled cylinder, is of uncertainty 0.02 mm 3 due to the cylinder being filled by hand and the exact volume inserted too small to measure either before or after insertion. The distal end of the detector was attached by SMA 905 connector to the proximal end of a 13.5 m long extension to guide the signal out of the bunker to the Hamamatsu MPPC, model C11208-01(X) for detection. The MPPC is necessary for conversion of low levels of visible light to an electronic signal by way of avalanche photodiodes; the module is attached to a computer where relative count numbers are interpreted by proprietary software. The information is displayed as a waveform and the data recorded in Microsoft Excel. The MPPC properties were set at a threshold of 0.5 p.e (photon equivalent), and gate time 100 ms, though gate time is flexible down to 1 ms. A Theratronics Theratron 780C (provided by the British Columbia Cancer Agency) was used for photon data acquisition; the 74 MeV beam from Beamline 2C1 of TRIUMF was used for proton. For more details, see Blackmore 1997 [14] and Lindsay [15] .
IV. COBALT-60 PHOTON METHODS
To carry out tests on the Theratron 780C, the proximal end of the detector was placed in the channel of a solid water block at clinical reference conditions (10 cm × 10 cm field; 80 cm Source to Surface Distance; 5 mm solid water dose buildup) and delivered dose of 100 cGy or 0.3 minute irradiations and the end covered by black electrical tape to eliminate ambient light contamination. Connection points between the detector, extension and MPPC were covered with blue sticky tack also to eliminate ambient light. A recording was first taken with beam off to determine the amplitude of the noise contributed by the MPPC.
V. COBALT-60 PHOTON RESULTS
A. Dose Response
An important part of detector characterization is to measure dose response: how the detector responds to increasing total doses. To determine the dose response of the detector, two irradiations each of 100, 200, 400, and 800 cGy doses were given. Signal was recorded in Microsoft excel as relative count rates at 0.1 s intervals. Based on the two trials for each dose, the accumulated signal was reproducible within 0.4% for every pair of trials. Accumulated count numbers for each dose were then plotted to determine linearity of dose response of the detector. The resulting graph ( fig. 2 ) is linear with slope 0.0284×10 7 Counts per cGy and R 2 value of 1. Error bars are so small as to not show up on the figure: standard deviations of measured data are 1% or less of the measured count rates. 
B. Field Size Response
To test the response of the detector to increasing field size and volume of irradiated material, field sizes of 7 cm × 7 cm, 10 cm × 10 cm, and 20 cm × 20 cm were irradiated with three trials each for a duration of 0.3 minutes (100 cGy) per irradiation. The increase in delivered dose with increasing scattering volume, as field size increases, is well characterized for this Cobalt unit using ionization chambers [16] . Beam-on count rates were averaged over three trials for each field size. We found the average count rate over each field size was reproducible to within 0.7 %. The data is shown in figure 3 , and indicates a linear increase in count rate with field size. Signal to noise ratio was between 198 and 227 (increasing with field size). Vertical error bars (standard deviation) are too small to be visible in the figure, being less than 0.5% of the recorded count rates.
To determineČerenkov or fibre-only contributions to measured signal as field size increased, measurements were taken using the bare proximal end of the extension, the SMA905 fitting having been removed. Equivalent measurements and analysis to that of the scintillator were performed with the inclusion of a 25 cm × 25 cm field size. Reproducibility for average count rate over the 3 beam-on durations were found to be within 0.3%. The results are approximately linear ( fig. 4) . Corresponding signal to noise ratio increased with increasing field size, from 115 to 216.
VI. PROTON METHODS
A. Setup
The detector was irradiated in the 74 MeV proton beam at TRIUMF where the proximal end of the detector was attached with electrical tape to an acrylic post mounted in a scanning platform, and positioned in a water phantom behind a 1 mm solid water window (Fig. 5) . The detector was oriented vertically, perpendicular to the beam axis and was mounted alongside a diode to facilitate scanning measurements in three dimensions. The diode provided a reference signal for the 3D scanner controller. The end of the scintillating detector was covered in black electrical tape and the connection points covered in blue sticky tack to eliminate ambient light A recording with beam-off was taken initially to establish inherent noise. The proton nozzle to detector distance was 7 cm; collimator diameter 25 mm, and measurements began inside the front wall of the water box (a depth of 1 mm solid water).
ForČerenkov radiation measurements, the connector was removed from the proximal end of the optical cable extension and the bare fibre, covered in black electrical tape, was irradiated in the same orientation as the detector.
B. Measurements
Scanning measurements were taken of the Raw Bragg Peak (RBP) and the Spread-out Bragg Peak (SOBP) produced using a 23 mm modulator wheel. A modulator wheel is a rotating absorber placed in the path of the beam (Fig. 7) to spread the region of high LET into a "plateau" (rather than a "peak"), determined by the width and height of the steps employed. Each step modulates the beam into "layers", each with an individual Bragg peak. When all the Bragg peaks are added together, the result is a flat, spread-out Bragg peak. For dose response, triple measurements were taken using the 23 mm modulator wheel and the 25 mm collimator. Measurements were taken at a depth of 15.8 ± 0.5 mm. Irradiations were performed to deliver doses of 140, 280, 560, and 1120 cGy, corresponding to 10 000, 20 000, 40 000 and 80 000 Monitor Counts (MC). A Monitor Count is a measure of the beam's output and is determined by an ion chamber through which the beam travels before reaching the target. Monitor count requirements are input prior to irradiations; once the monitor count setting has been reached, the beam is automatically shuttered. Specific calibrations are done to convert the monitor counts to dose delivered. In the case of the TRIUMF beam, there are approximately 10 000 MC/ 140 cGy of dose under reference dose conditions; however, beam current, temperature and humidity all play a role in the exact conversion day by day. The results from our detector were compared to two other detectors used at the Proton Therapy facility:
A PIN diode from Siemens, model BPW34, and a synthetic diamond detector from PTW, model microdiamond 6001. Raw Bragg peak using dwell points. Average count rates were determined individually for 50 points from 0-39.5 mm (every 0.79 mm). Calculated peak to entrance ratio is 2.80 ± 0.05.
VII. PROTON RESULTS
A. Dose Response
Dose response was found by cumulative irradiations up to 1120 cGy by 74 MeV proton beam. The recorded signal was summed over each trial; the three trials were averaged to one value which was then graphed (Fig. 8) . The resulting curve was linear with slope 0.142 × 10 7 Counts/cGy and R 2 value of 1.
B. Raw Bragg Peak
The depth dose was scanned along the proton beam axis in the water box in 0.79 mm step size. At each point, 50 points in total, the detector response was measured for 10 000 Monitor Counts, which corresponds to 140 cGy. The depth profile is graphed in Fig. 9 .
From the depth profile, peak to entrance ratio was found to be 2.80: considerably lower than the data from the diamond or diode detectors tested which showed peak to entrance ratios of 4.05 and 3.77 respectively (Fig. 11) . The Standard deviation for each point of the Gadox data was calculated in Microsoft Excel. Standard deviation increases along with mean count rate towards the peak. Signal to noise ratio was calculated as μ /σ , and was between 90 and 176; SNR was calculated (as were standard deviation and mean) individually for each dwell point.
AČerenkov-only raw Bragg peak scan was done to determine how muchČerenkov radiation affects the recorded light output.
The bare fibre count rates are two orders of magnitude lower than those observed for the Gadox detector, as shown in figure 10 . With such low count rates, the background signal (1400-1500 counts every 0.1 s) becomes very significant, therefore the background was removed from all dwell point rates. With background signal removed, theČerenkov-only RBP is considerably better than the Gadox scintillator, with a peak to entrance ratio of 3.18. Signal averaging over the detector volume could be responsible for the reduced peak to entrance ratio in comparison with the diamond and diode detector since the optical cable diameter is >1mm while the diamond and diode are ∼1 micron in thickness.
C. Spread-Out Bragg Peak Dwell Points
The SOBP was graphed as relative count rates vs. position using dwell points (10 000 MC per point) in the same manner Fig. 12 . Average Count Rate vs. Position for the SOBP using the 23 mm modulator wheel. Dwell points were every 0.79 mm. Dose falloff at the distal end of the SOBP is due to quenching at high LET. LET increases with depth in the SOBP due to summation of a series of Bragg peaks with ranges shifted to produce a flat dose profile. The Bragg peak having the full 36 mm range is the most heavily weighted. Fig. 13 . Comparison of SOBP response in the three detectors. All data was taken using the 23 mm modulator wheel and normalized to entrance signal of 1. Quenching in the distal ends for the scintillator occur as in figure 12 .
as the RBP with dwell points. The resulting graph (Fig. 12) bears a resemblance to those obtained with the diamond and diode detectors (Fig. 13) .
Cerenkov dwell point irradiations of the SOBP were done at 11 points along the proton track (Fig. 14) : There is a resemblance to the familiar shape of the SOBP, however, with so few dwell points, it is difficult to ascertain exactly how well the curve is reproduced. Vertical error bars are not included due to the presence of large variation caused by the steps in the modulator wheel (Fig. 15) .
VIII. DISCUSSION
A. Dose and Field Size Response: Cobalt-60 Photons
Cobalt-60 photon investigations confirmed a linear dose response with a sensitivity to a dose of 0.0284 × 10 7 counts/cGy over a dose range of 100-800 cGy. Linear response is favourable since this indicates regular, dependable signal increase with dose. The signal-to-noise ratio measured (μ/σ ) for the Cobalt-60 response was The Gadox detector yielded a linear relationship with increasing field size which does not agree with the known dose versus field size relationship for Cobalt-60. It is expected that, for this small detector, little field size dependence would be observed due to the whole volume of the detector being irradiated even with the smallest field size. The observed field size over-response in the Gadox scintillator system was due primarily to a strongČerenkov signal in the optical fibre produced by electrons generated in the Cobalt beam. Since the length of fibre increases linearly with the field's size, a linear relationship between theČerenkov signal and field size exists.Čerenkov contributions were as much as 25% of the total signal at field size 20 cm × 20 cm.
A small photon energy dependence of the Gadox signal may also contribute to increasing sensitivity in larger fields as a result of the high atomic number of the material being more sensitive to low energy scatter which increased with field size. At 1.25 MeV, there are two primary photon interactions taking place in the detector: Compton scatter and photoelectric interactions. Gadolinium has atomic number 64, and because the photoelectric effect is Z 3 dependent, lower energy scatter, which increases with the irradiated volume, will thus induce considerably more signal in the Gadox detector than in an airfilled ion chamber. A very similar response was observed by Woulfe et al. in testing the same detector in a 6 MV linac [17] .
B. Dose Response: Proton
Linear response with R 2 of 1 was obtained from irradiations of 100-800 cGy in a 74 MeV proton beam. As with the Cobalt-60 photon dose response, the relation does not pass through the origin due to variable but continuous background signal. The sensitivity in the proton beam is 0.142 × 10 7 /cGy; this compares with the sensitivity of 0.0284 × 10 7 /cGy to 1.25 MeV Cobalt-60 photons. It was not possible to determine signal-to-noise ratio of these measurements, as attempts to obtain the standard deviation of the signal resulted in very low (10) (11) (12) (13) (14) , but inaccurate SNR. This was due to the dose response data being taken at a position along the SOBP: when the beam is modulated, an individual Bragg Peak is created by each step in the modulator wheel to result in a flat dose profile of specific axial distance. The 23 mm modulator wheel rotates with period 0.5 s; in the recorded data from all SOBP measurements, there is a spike in count rate every 0.5 s, corresponding to the individual Bragg peak created by a particular step on the modulator wheel (Fig. 15) .
C. Raw and Spread-Out Bragg Peaks
The Peak-to-entrance ratio of the scanned RBP was severely quenched, as was the distal end of the SOBP. In contrast, the diamond and diode detectors both exhibited no quenching effects. The quenching exhibited by the scintillators was not unexpected due to previous research done by Archambault et al. [10] , Torrisi [11] , and others. Finally, a measure of uncertainty at the Bragg peak could also be attributed to the relatively large diameter of the detector (0.5 mm) this is larger than optimal for resolving the peak of a lower energy proton beam such as the 74 MeV beam used. Work done using Monte Carlo simulations on both organic and inorganic scintillating detectors by Archambault et al. [10] indicates a 0.25 mm diameter detector would be required to accurately measure the full relative dose at the Bragg peak by the simulations, a 0.5 mm diameter detector would be capable of measuring around 90%). RBP dwell point data was used to calculate SNR for the full signal and was determined to be between 90 and 176 over the course of the RBP, with no apparent trend. There is a possibility fluctuating beam current plays a role in this variation, though would require further investigation.
The SOBP experienced quenching of up to ∼20% between the approximate centre of what should be the plateau region and the distal fall-off. Signal to noise ratio was impossible to obtain due to the detector being sensitive to the temporal variation in individual Bragg peaks caused by the modulator wheel. This timing sensitivity, while not helpful for standard SOBP measurements, could be useful for applications where fast response times are important, such as the real-time measurement of pulsed beams [18] .
D.Čerenkov Results
TheČerenkov contribution to the full RBP and SOBP signals is barely significant (between 0.7 and 1.2 % of total signal), in comparison with theČerenkov signal in the Cobalt-60 beam. This is in agreement with the findings of Safai et al. [12] , Archambault et al. [10] , and Torrisi [11] . When taken by itself, theČerenkov signal showed very good signal to noise ratio (between 40 and 60; increasing SNR with LET), and a superior peak-to-entrance ratio as compared to the scintillation signal. This is consistent with the work done by Jang et al. [19] , but was not the primary focus of this study. The data are very encouraging, providing enough positive evidence to support further studies using plastic optical fibres for proton dosimetry. The fibres used for this study are made of PMMA, a common phantom material with near water equivalence.
IX. CONCLUSION
The performance of the Gadox detector was found to be comparable to plastic scintillation detectors in creating RBP and SOPB depth-dose profiles. The signal to noise ratio was greater than 200 in both proton and photon detection and excellent dose linearity was demonstrated. Significant quenching of the detector signal in high LET limits the use for quantitative dosimetry in proton beams. Further studies are being carried out to investigate the potential to exploit the very fast detector response time in dosimetry applications. In addition, the bare fibre shows potential for aČerenkov-only proton dosimeter and additional investigations should be done with both a 0.25 and 0.5 mm bare optical fibre to improve the spatial resolution in the Bragg peak region.
